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ABSTRACT 

Six series of tests were conducted on Morris, 
Illinois illite samples to determine the effect of the 
electro-osmotic phenomenon on its consolidation character- 
istics. In order to conduct this investigation, an electro- 
osmometer was designed, constructed and calibrated. The 
general theme of this investigation was a comparison of the 
consolidation characteristics of two identical soil samples 
which were subjected to two different types of consolidation 
procedure. One sample was consolidated under increasing 
load increments in a standard consolidometer and the other 
was subjected to identical load increments plus an electri- 
cal potential in an electro-osmometer. 

Illite soils when subjected to electro-osmotic 
treatment tend toward structural changes and characteristic 
changes in Atterberg limit values. The liquid limit, plastic 
limit and plasticity index values of an illite subjected to 
an electrical potential are somewhat higher than those 
values derived from the untreated samples. 

The illite soils subjected to electrical potential 
do not reach as low a void ratio value as those of the un- 
treated illites for the same load increment. Results of 
this investigation indicate that the above mentioned con- 
dition is probably due to the effect of electro-chemical 
hardening which is an accompanying effect of electro-osmosis. 


Generally speaking an illite sample subjected to 
x 








an electrical potential has a faster rate of consolidation 
than that of the untreated sample. However, as the duration 
of the application of electrical potential and the magnitude 
of the load increment increases the differential consoli- 
dation rate is decreased. 

This investigation also indicated that an increase 
in the duration of the application of electrical potential 
prior to loading resulted in a more rapid development of 
near-maximum sample resistance to electric current flow. 

Determinations of coefficients of consolidation, 
pH values for the liquid in the electro-osmometer, anode 
plate decomposition and before and after electrical treat- 


ment water content values were also made, 


xi 





PART I4 
INTRODUCTION 


A, Historical Review 

The importance of soil as an engineering material 
began to manifest itself when primitive man realized that 
more comfort and utility could be derived from a structure 
appropriately designed and constructed than from those that 
he might accidently ciscover existing in nature. As he 
attempted to construct his first primitive structure the 
enigmatic problems contained in the field of soil mechanics 
and foundation engineering rose but were usually circum- 
vented by the flexibility of the location of his structure, 

As civilization progressed man's structural 
| handiwork became larger and more complex and the location 
OË his structures were effected by social, religious, 
political and economical factors all of which deprived him 
the flexibility and freedom of location he had once enjoyed. 
Scientific discoveries and new construction techniques 
allowed him to build great awe-inspiring structures but 
oddly enough comparatively little scientific investigation 
and analysis were actually accomplished for the soil on 
which these structures were to be placed. This phase of 
the construction process was perplexing and exceedingly 
difficult to evaluate and was regarded by the engineer as 


a portion of the work that could best be handled in the 








field by men of great experience and "know how", 

In recent years foundation problems have been 
forcibly brought to the attention of engineers by structural 
failures attributed only to poor foundation conditions. 
Economy has been a factor that has demanded the knowledge 
of soil behavior if the foundations for these structures 
were to be placed with a minimum usage of money, material 
and labor. 

Probably one of the most costly operations in 
foundation construction is the unwatering of a construction 
area in order that the work might be accomplished safely 
and in the ary. Various methods of accomplishing this 
result such as cofferdams, caissons, the Joosten method, 
freezing, grouting, well points, etc., have been developed. 

Such methods as the use of cofferdams and 
caissons are extremely effective but are inherently expensive, 
Methods such as the Joosten method, freezing, grouting and 
the use of well points are excellent under ideal conditions 
but most of them are not particularly effective or practical 
in soils which contain grain sizes that are as small and as 
active as those of various clays. 

In the recent years a process known as electro- 
osmosis has given the foundation engineers hope that a 
Simple and inexpensive solution to the problem indicated 


above exists, 











Electro-osmosis had a slow painful development 
fraught with the inability of the scientists and investi- 
gators to explain the phenomenon that occurred when an 
electrical potential was applied to a soil-water system. 
Even in present times the phenomenon is not well under- 
stood and many investigators have developed their pet 
theories to explain it. 

In the beginning the author will consider the 
general phenomenon of electro-osmosis until that his- 
torical period is reached when diversified investigations 
into the many aspects of electro-osmosis began and then 
specific historical consideration of the effects of elec- 
trical current on the consolidation of clays will be 
treated, 

Electro-osmosis probably had its beginning in 
1807 when Reuss discovered that water would flow through 
a porous diaphram when an electric current was applied to 
the System。 

In 1861 Quinche inferred that a double layer 
similar to that proposed by Helmholtz existed and that it 
depended on the supposition that spontaneous electrifi- 
cation existed at the contact surface of a solid and a 
liquid prior to any external electrical action (9). 

Perhaps one of the most significant contributions 
explaining the theory of electro-osmosis was the inter- 


pretation proposed by Helmholtz in 1877 known as the 








"Double Layer" hypothesis. It seems to put into words 
Quinche's idea. However, Helmholtz's theory is consider- 
ably different than that of Juinche and his explanation 

of the electro-osmotic phenomenon is so outstanding that 

he is given credit for its origin. Although many physicists 
and scientists have disagreed with portions of the theory it 
is considered sound, plausible and useful. His hypothesis 
will be discussed in some detail in the "Theory Section" of 
this thesis. 

The Helmholtz hypothesis was subsequently modi- 
fied by Lamb, Smoluchowski, Perrin and others but the 
quantative results remained substantially unchanged. 

From the late 1920's to the present a host of 
scientific investigators have been at work not only trying 
to find practical application of the phenomenon of electro- 
osmosis in soils but also trying to find the answers to a 
myriad of questions concerning tne theoretical properties 
of the electro-osmotic phenomenon in soils. Although each 
has made a worthwhile contribution toward the understanding 
of the subject much investigation still remains before com- 
plete enlightenment can be obtained. Although all of these 
investigator!s contributions are indirectly related to the 
author's thesis only those dealing with the specific problem 
of the effects of electro-osmosis on the consolidation of 


soil will be mentioned, 
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Dr. Leo Casagrande (16) has been a constant 
contributor not only from the practical application aspects 
of the problem but also in the field of better understanding 
of the phenomenon of electro-osmosis. In 193% he discovered 
that by using aluminum anodes instead of other metals, clay 
soils are stabilized and hardened irreversibly. This dis- 
covery was a great boon to the practical application of 
electro-osmosis. 

In 1936 Endell and Hoffman (7) discovered that 
Atterberg's liquid limit and the angle of internal friction 
are increased when a soil is subjected to electrical treat- 
ment. These investigators made some very astute observa- 
tions concerning the hardening of clays subjected to 
electric potential. These observations will be discussed 
in detail in the "Theory Section" of this thesis because 
they will be invaluable in explaining the results of the 
author's investigation, 

Probably the first investigator to study the 
electro-chemical consolidation of soils was W.Bernatzik (2), 
who in 1939 constructed a combined ring-shear and consoli- 
dation of clay specimens before and after electrical treat- 
ment. He showed that the treated specimen had an increased 
value of the angle of internal friction which was probably 
due to electro-chemical hardening. 

In 1937, Schaad ana Haefeli (8) designed an 


electro-osmometer similar to the one designed by the author 








and Butler for the determination of electrical potential 
on permeability and consolidation of clayey silts, 

Edmund Preece (11) produced a monumental paper 
in 1947 that seemed to gather up the loose ends concerning 
the phenomenon of electro-osmosis and record all the 
pertinent facts, theories and experimental results that 
have been promulgated up to the time the paper was issued 
in a clear concise systematic manner. It is not a summary 
of each investigator's work but is an attempt to provide a 
semblance of continuity in the development of the explana- 
tion of the electro-osmotic phenomenon, 

Dawson and McDonald (6) in 1948 made a number of 
tests by use of a standard type of consolidation apparatus, 
eS determined that the liquid limit, plastic limit, 
plasticity index and shrinkage limit were decreased after 
electrical treatment. They also conducted tests using 
alternating current but concluced that the resulting con- 
solidation effect was due to the resistance heating of the 
clay. Poisson (5) argued that alternating current tended 
only to cause an increase in water content of the clay. 
This comparison merely indicates the range of results that 
were obtained for similar tests, 

Vey (18) in 1949 determined that the degree and 
rate of consolidation of fine-grained soils are both greatly 
increased by the application of an electrical potential. He 
indicated that electro-osmotic pressure can be represented 


as an increased consolidation load in the consolidation 





theory. He discovered that effective consolidation of 
soils by electro-osmosis can be fully achieved only when 
used in conjunction with small external loads, 

The above presentation only mentions but a few 
of the many contributors to the ever growing field of 
electro-osmosis and its application to soils. Such a 
brief historical resume cannot possibly do justice to the 
outstanding contributions of the many investigators that 
have come to the fore in the past twenty years. As 
indicated before only those authors whose conclusions were 
directly pertinent to the discussion of the theory of the 
consolidation phase of electro-osmosis were considered in 


this thesis. 


B. Statement of the Problem 

As the title of this thesis indicates the problem 
is to determine the effects of electro-osmosis on the con- 
solidation characteristics of illites, 

Inasmuch as equipment was not available to ac- 
complish the above indicated task, the problem immediately 
increased enormously in scope to incluce the design and 
construction of an electro-osmometer, After this task was 
accomplished there was the problem of calibration and those 
necessary modifications required by inherent difficulties 


usually encountered in a newly designed apparatus. 





After the apparatus was completed the problem 
evolved itself to a comparison of consolidation effects 
on identical samples in a standard consolidometer and 
the electro-osmometer. It was necessary to consolidate 
the sample under varying load increments in order to 
determine relative consolidation times. Further com- 
parisons would be necessary in the form of void ratio 
versus pressure curves to determine which sample was 
being consolidated the most uncer a particular load in- 
crement. Comparison of the coefficients of consolidation 
was also necessary. 

in order that effects of electrical current on 
consolidation might be considered from all points of view, 
it was necessary to determine changes in soil characteris- 
tics as determined by comparison of Atterberg's limits, 
water contents and physical appearance, 

"Before and After" X-ray diffraction analysis 
was necessary to determine changes in crystal structure 
and sample content. 

As is true with most research work, difficulty 
was encountered in checking the results obtained which 
was due to the fact that there were as many answers to 
some problems as there were investigators and to other 


problems there were no answers. 





و ط 
THEORY‏ 


A. Consolidation 

Since soil is a three phase system, 1.8., a 
skeleton of solid grains enclosing voids which may be 
filled with gas or liquid or a combination of both, the 
decrease of the volume of a soil sample subjected to 
stress can be attributed to any or all of the following 
factors: (1) compression of the solid matter, (2) com- 
pression of water and air within the voids and (3) escape 
Water and air from the voids (17). For all practical 
purposes if the sample is eompletely saturated, the de- 
crease in volume can be attributea to an escape of water 
from the void spaces, 

Consolidation can be defined as a gradual proc- 
ess which involves a slow escape of water from the void 
system and a gradual compression of the soil mass. Dur- 
ing the consolidation process, stress transfer is also 
occurring. Stress transfer takes place during the drain- 
age process when the neutral stresses are transferred to 
the soil grains as intergranular stresses. The rate and 
amount of consolidation of a soil sample is a direct 
function of the rate and amount of water discharged from 


the sample. 





10 

Since the author's investigation deals primari- 
ly with the effects of electrical potential on the flow 
of water from a sample, a detailed discussion will not be 
presented on the theory of one-dimensional consolidation. 
If the reader is interested in further detail on this 
subject his attention is directed to Taylor's treatment 
of the subject (17). 

In view of the above statement the remainder 
of the discussion on the theory involved in this thesis 
will be devoted exclusively to electro-osmosis and its 


effects on a soil-water system, 


B. Discussion of the Electro-osmotic Phenomenon 
Electro-osmosis is a phenomenon which occurs in 

a soil-water mixture when it is subjected to an electrical 
potential. It is Cefined by Vey (18) as "fundamentally a 
phenomenon of colloid and capillary chemistry", There are 
actually two phenomena which could occur in a soil-water 
mixture. One phenomenon occurs when an electrical poten- 
tial is applieu to a system wherein solid particles of 
collodial size are suspended in a liquid. In this case 
the solid particles would move toward the poles. This 
phenomenon is called electrophoresis. On the other hand, 
if tne mixture was predominately solid particles the 
liquid would move toward one of the poles where an elec- 
trical current was employed. This phenomenon is known 


as electro-osmosis. 
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Electro-osmosis should not be confused with 
osmosis because they are two distinct phenomena. Preece 
(11) explains osmosis as indicated in the following sum- 
mary. If two solutions of different concentration are 
separatec by an acceptable semi-permanent membrane, the 
molecules of the solvent, but not those of the solute 
will tend to pass through the membrane from the solution 
of the lower to that of the higher concentration. Since 
electro-osmosis deals primarily with the flow of the 
۲٣۰٠٠٢٢ the difference can be easily seen. 

Karpoff (9) states that electro-osmotic flow 
through a soil depends upon two general factors: (1) the 
properties of the soil and liquid, viscosity and dia- 
electric constant, and (2) the properties of tne elec- 
maodes, 1.6,, the Composition, conductivity, Gimensions 
and spacing", | 

The theory of electro-osmosis can probably best 
be explained by approaching it through Helmholtz's hy- 
pothesis. Helmholtz (4) suggested that the film of water 
is bound to a capillary surface by means of electrostatic 


forces and is composed of two layers. The layer adjacent 


to the capillary surface is a thin dense layer of oriented 


water molecules and the other layer is a diffuse layer of 


oscillating water molecules held with less attraction than 


the inner layer, The inner layer is usually negatively 


charged while the diffuse outer layer contains a 





12 
predominance of positive charges. The application of an 
electrical potential will cause the water in the diffuse 
layer to migrate toward the cathode. The movement of this 
layer tends to drag the free water in the capillary tube 
Hitch it. 

The diffuse layer is relatively thick and materi- 
ally increases the amount of water movement within the 
capillary tube over that occurring in a capillary tube 
where the free water alone moves. The above ciscussion 
is clarified by study of the graphical representation 
shown in Figure (I). 

Helmholtz introduced a factor called the electro- 
kinetic or Zeta potential and identified it as the poten- 
tial across the double layer. He visualized the double 
layer as a condenser and that the Zeta potential is that 
portion of the potential drop tnat exists between the 
boundary separating the rigid and diffuse layers and the 
outer limit of the diffuse layers. Zeta potential depends 
quantitatively upon the total potential, the thickness of 
the absorbed layer and thickness of the diffused layer, 

The total potential will in turn depend upon the character 
Ehe solid and the solution with which it is in contact. 
Ihe thickness of the absorbed layer depends on the ab- 
mi bed ions, strength of the electrostatic force, the 
amount of absorbed water, and concentrations of ions. Any 


increase in the number of ions in the diffuse layer will 





15 
tend to decrease the effective thickness of both the rigid 
and diffuse layers. The concentration may become such that 
it will cause such a decrease in the thickness of the double 
layer that it will eventually collapse. If the double layer 
is collapsed the Zeta potential will be zero and may reform 
mien the sign of the diffuse layer reversed. In this case, 
the sign of the Zeta potential will be reversed also and 
dlow will occur in an opposite direction. 

Schaad (13) indicates that Helmholtz neglected to 
delineate several remarkable influences of electro-osmosis 
in his formula . Not only does electro-osmosis occur but 
electrolysis also tales place as a result of the galvanic 
Burrens in the capillaries. It causes the decomposition 
of the liquid, Furthermore, the conductivity of the soil 
particles is neglected, The Helmholtz formulae indicate 
that from a capillary of infinite ciameter an infinitely 
large electro-osmotic discharge would result and this is 
contrary to every test result. 

Perrin who modified the Helmholtz theory presents 
the double layer theory very well and because of its clarity 
it is presented here. Perrin considered a capillary tube 
filled with water subjected to an electrical potential as 
Shown in Figure II. 

Perrin (15) indicated that if the electrodes are 
connected to an external direct current source, causing a 


current to flow in the liquid, the inside of the capillary 
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1 
behaves as if it had am electrical double layer coaving. 
The outer layer next to the wall of the tube has an excess 
of anions and the inner layer in contrast to the free liquid 
the tube has ansexcess of cations. In the presence Of 
electro-osmotic force the anions in the outer layer tend 
to migrate toward the positive pole and the cations in the 
inner layer toward the negative pole. The outer layer ad- 
heres to the wall of the capillary tube thus preventing 
movement of the liquid in this layer. The inner layer is 
free to move and the migration of the cations toward the 
negative electrode sets up a motion of the liquid in this 
layer which is transmitted by friction to the rest of the 
mould in the tube. 

To briefly summarize the foregoing: In a soil- 
water mixture there are numerous capillary tubes integrated 
to form a capillary system. In each capillary tube the 
water films consist of a rigid water molecule layer ad- 
jacent to the capillary wall and a diffuse layer of a much 
larger size outside the rigid layer, If this system is 
subjected to an electrical potential and if the diffuse 
layer is composed of cations the liquid will tend to move 
toward the negative pole. The water in the capillary will 
be dragged along with the moving diffused layer and water 
will be discharged from the capillary. This electro-osmotic 


flow due to the phenomenon of electro-osmosis. 
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Passing electrical current through a soil-liquid 
system has many more effects than that of electro-osmotic 
flow. These effects will be discussed in subsequent para- 


graphs of this section of the thesis. 


C. Effects of Electro-osmosis on a Soil-Water system 

If we are to gain a better understanding of the 
enigmatic effects of electro-osmosis on a soil-water system, 
it is necessary that the fundamental knowledge concerning 
clays and their activities in solution be clearly delineated, 

In general, clays may be considered as dispersed 
systems of the colloidal products of weathering in which 
secondary mineral particles of smaller dimensions than two 
microns predominate (1). Clays are crystalline substances 
which are divided into three major sub-groups namely, 
Kaolinite, montmorillonite and illite. Since illite clay 
was Used exclusively in this investigation, it will be the 
only clay discussed in detail even though many of the laws 
which apply to illite could apply equally as well to other 
clays. 

۷۳۳۷۰۶۰۰۶ 07176-761677 ٣٣۰٢٠٢ ٠۳٦٦٦٦٦٦٦٠٦٠6۳ lattice is similar 
to that of montmorillonite, because it consists of one 
gibbsite sheet located between two tetrahecral silicon 
Sheets as pictured in Figure ۰ 

Baver (1) states, "the gibbsite or alumina unit 


consists of a sheet of closely packed oxygen atoms or 
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hydroxyl groups which are held together by aluminum atoms 
in such a way that’ one aluminum is surrounded by six oxy- 
gen atoms or hydroxyl groups, three from each sheet. The 
silica unit consists of a sheet of oxygen atoms that are 
held together by silicon atoms. The silicon atoms are 
surrounded by four oxygen atoms, three in the sheet and 
one above. The oxygen atom above the sheet provides the 
means for linking a silica unit to the gibbsite sheet, 
since it can serve as one of the six oxygen atoms which 
surround the aluminum in the gibbsite sheet", 

As is truc with most clays, illite may be sub- 
jected to the process of base exchange when the original 
liquid of the soil-water mixture is replaced by one con- 
taining different ions. If this action results in a 
decrease in the degree of hydration or in a lower net 
charge, the new ions may replace the ions of the original 
double layer either in whole or in part, This is base 
exchange. Base exchange can be explained simply by the 
fact that the electrostatic forces within the structure 
want to be balanced. Base exchange can occur within the 
lattice-structure of a clay or external to the lattice. 

Accordingly, the silicon atoms in each of the 
tetrahedral silicon sheets may be replaced by aluminum 
atoms of lower valence which results in unsatisfied 
valences. In the illites this unbalanced charge is pri- 


marily balanced by potassium ions. This results in a 
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strong bond between adjacent sheets. In view of the above, 
the base exchange in illites would take place primarily on 
the cleavage areas of the primary interface as well as the 
edges and corners. It is realized that the above disser- 
tation on base exchange is brief but it is believed that 
it is sufficiently detailed to allow the reader to more 
clearly understand the reactivities associated with electro- 
osmosis that extend beyond the mere detail of transporting 
of a liquid through a capillary system. 

Probably the most significant reactivity associ- 
ated with electro-osmosis is that of electro-chemical hard- 
ening which appears to be directly related to base exchange. 
Endell and Hoffman (6) state that "this hardening is ap- 
parently brought about by a change in electrical charge on 
the clay particles, caused by the passage of the electric 
current through the clay". Previous studies indicate con- 
clusively that electro-osmosis has a stabilizing effect 
which is distinct from the increased stability due to the 
consolidation effect alone, 

Winterkorn (19) postulates in the consideration 
of physico-chemical activity of the internal surface it 
would seem that if the proper anode was chosen it would be 
possible to introduce desired cations into the soil-water 
system which could be fixed by the internal soil surface. 
Winterkorn and Moorman (20) ran a series of tests on homo- 


ionic clays to determine the influence of different ions 
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on the consolidation rates and load-void ratio relationship. 
He determined that the coefficient of consolidation was the 
smallest for the sodium ion saturation and largest for the 
potassium icn saturation. From his load-void ratio curves 
it could be easily seen that certain ions were causing the 
void ratio to be greater for one hundred percent consoli- 
dation under varying load increments, than for the natural 
sample. 

Leo Casagrande discovered that if the anode was 
composed of aluminum electro-osmosis produced irreversible 
hardening in clays. The samples were placed in water and 
allowed to soak for long periods of time (about two and 
one half years) without losing their acquired strength. 
Metals other than aluminum, however, produced only tempo- 
rary strengthening which was lost after slaking in water 
mor a short time, 

Endell and Hoffman (7) state that, "the extra- 

ordinarily small compressibility of the treated soil 
suggests that the hardening process goes hand in hand with 
E development of some sort of structures, $s cms". 
Most investigators agree that the apparent influence of 
Ewecuric current on a disturbed soil is that it tends to 
regain the propcrties it had in its undisturbed state after 
a short period of electrical treatment. 

Although sufficient data is not available to de- 


termine the exact nature of electro-chemical hardening, 
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it is certain that it is closely allied with base exchange 
activities in the clay-water mixture. It would appear that 
electro-osmosis produces three consolidation effects on ihe 
soil sample which are: firstly, the rate of water drainage 
and the amount of water drained from pore spaces of the 
sample are substantially increased. Secondly, consolidation 
caused by electro-chemical hardening seems to be a sub- 
stantial factor, and finally, the tension produced in the 
pore water results in a corresponding amount of consoli- 
dation in the soil grain skeleton. 

Leo Casagrande (3) definitely supports the idea 
that some of the consolidation is produced by pore water 
tension. However, Bernatzik (2) dogmatically states that 
the consolidation and cracking which appear in a soil under 
the influence of an electrical potential is not caused by 
electro-osmosis but by an electro-chemical process which is 
dependent upon the electrode material and the ionization of 
the pore water. 

Endell and Hoffman (7) sum up the present day 
knowledge of electro-chemical hardening by stating that it 
is an extremely complicated process whereby the change intro- 
duced by the electro-osmotic process gives rise to an ex- 
change of the exchangeable cations bound on the clay particles. 

Electro-osmosis effects the soil in many other ways, 
It changes the liquid limit, plastic limit and plasticity 


index of the soil. Most investigators agree that the value 
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of these factors is somewhat higher in the untreated sample 
than those subjected to electrical potential. However, 
Endell and Hoffman (7) and Christensen (5) found that the 
liquid limit values are increased by treatment. 

Schaad (13) indicates that, "the disturbances 
caused by electrolytic decomposition of the liquid and 
electrodes is considerable. During the tests, polarization 
of the electrodes, increase and decrease of electrical re- 
sistance, and exchange of ions between liquid and soil and 
even inversion and oscillations of flow were observed. 
Acidity and basic concentration increases during long perme- 
ability tests and change the electrokinetic potential of the 
double layer anc thereby the coefficient of electro-osmotic 
permeability". 

Some authors feel that electrical pre-treatment 
effects the consolidation process by completing or elimi- 
nating the primary consolidation such that upon application 
of the load it goes immediately into secondary consolidation. 

There are probably many other effects of electro- 
osmosis but the author has only mentioned those that are known 
and of greatest importance, It can be seen by the foregoing 
presentation that electro-osmosis is a highly complex process 
and its effect is dependent upon a multitude of factors. The 
whole field lies under a veil of partial enlightenment and 
each investigator merely gives his interpretation of the un- 


known using his experimental results as a guide line, 





a 


It seems to the author that economical application of 
electro-osmosis is only as distant as that of the correct 


explanation of the phenomenon involved, 
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PART TII 
MATERIALS AND APPARATUS 


A. Desien 

In order to adequately perform the investigation 
of the effects of clectro-osmosis on the consolidation of 
illite it was necessary to obtain an apparatus that could 
provide the necessary conditions under which the investi- 
gation must be conducted. Since it was necessary that the 
effect of electro-osmosis on the permeability of illite 
was to be determined simultaneously witn that of consoli- 
dation, it was decided that an apparatus similar to that 
utilized by Schaad and Haefeli (8) would be necessary. 
This type apparatus was not available among the standard 
machines possessed by the school nor could any of them be 
adequately modified to perform the task required, In view 
of this fact the author and BERNARD E. BUTLER, who was to 
investigate the effects of electro-osmosis on the perme- 
ability of illites, designed the apparatus shown in 
Figure IV. 

The schematic diagram shown in Figure V clearly 
indicates the component parts of the apparatus designed 
and the method in which it was ultimately assembled. The 
component parts of the apparatus will be discussed in 


detail in the following paragraphs. 
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A. Top View of 
Electro-Osmometer 


B. Side View of 
Electro-Osmometer 





FIGURE IV 
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The loading arm assembly consists of a loading arn, 
supporting structure and the pivot housing. The loading arm 
is composed of an L-shaped plate 1/4 inch thick. The longer 
leg is 24 inches long; the other 8 inches long. This ratio 
of lengths provides a thrust on the sample three times greater 
than the load applied at the end of the loading arm. The load- 
ing arm is suspended on a steel pin whick rests on ball bear- 
ings located in the pivot housing. Every effort was made 
during design toward the goal of a minimum development of 
friction in the moving parts of the apparatus. The pivot 
block is a U shaped block whose overall dimensions are 7" x 
U" x 5", This block was manufactured out of a single block 
of metal. [Its purpose is to support the loading arm. The 
pivot block is bolted to two "A" structures composed of 
welded 2"! x 23" x ài" angle irons which make up the support- 
ing structure. The supporting structure is bolted firmly 
to the base by four 1/2 inch anchor bolts. The contact 
plate on the loading arm was drilled to provide a ball and 
socket arrangement between the plunger and loading arm. 
This provision later proved to be unsatisfactory and a flat 
contact plate was installec. In order that some flexibility 
for alignment purposes could be attained the holes in the 
platform to which the pivot block is bolted were drilled 
about 1/8 inch oversize. This allows a slight movement of 
the loading arm in any direction and is an excellent feature 


in making the fine adjustments necessary for good alignment. 
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For further adjustment the loading arm was mounted on its 
axle or pin by means of a collar and set screws which 
allowed considerable lateral movement of the loading arm, 

The plunger consists of a 1/2 inch stainless 
steel rod, 18 inches long, rounded at the end contacting 
the loading arm to insure point bearing. At the other end 
of the plunger a 13 inch bakelite cap, 1 inch in thickness, 
was installed to increase the distribution area of the load 
applied on the porous plate. The face of the cap bearing 
against the porous plate is well grooved to prevent any 
undesirable resistance to water entering or leaving the 
sample. The plunger is positioned by an eliptical track, 
self-return bushing. The bushing prevents any movement of 
the plunger except in a horizontal direction which results 
in a consistant point of thrust application. 

The cylinder is constructed of a lucite tube 
which is 13 inches long and has an outside diameter of 44 
inches and an inside diameter of 4 inches. Two lucite 
collars, 7" x 7" x 4", were fitted over the ends of the 
cylinder and cemented in place. Two lucite end plates, 
7" x 7" x =", were so constructed that they could be 
easily bolted to the lucite collars attached to the cylin- 
der. A 5/8 inch hole was drilled in the end plate nearest 
the loading arm assembly to accommodate the plunger. A 
rubber seal was then affixed to the inner face of this 


plate. This seal was unique in that it was required to 
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allow the plunger considerable freedom of horizontal move- 
ment and still prevent leakage of water from the cylinder. 
The seal ultimately used was an accordian type rubber 
nipple, one end of which was firmly cemented to the inner 
face of the end plate and the other end, which hac a collar 
whose inner diameter was something less than 1/2 inch, 
provided a very tight fit about the plunger. 

To provide a water seal between the cylinder and 
the end plates, 1/2 inch diameter rubber "0" rings were 
installed between the cylinder collar and the end plate, 

The seal was established when the cylinder collar was 

bolted to the end plate. Eight brass bolts were used for 
this purpose and these were fitted with wing nuts and brass 
washers. Rubber washers were placed under the brass washers 
to protect the surface of the lucite. Wing nuts were util- 
ized to allow easy disassembly. 

The filling and relief tubes are made of rigid 
vinyl, 1/4 inch outside diameter and 1/4 inch inside diameter 
and 8 inches long, firmly cemented to the cylinder. The 
filling tube is provided with an over flow to allow mainte- 
nance of a constant elevation of water, The relief tube is 
necessary to allow the escape of gases from this particular 
Mervion of the cylinder. 

The connecting tube is composed of 1/4 inch inside 
diameter flexible vinyl plastic. Its purpose is to allow 


the equalization of water elevation on either side of the 
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soil sample when the occasion demands. The connecting tube 
is provided with a stopcock to prevent the travel of water 
through this route when permeability measurements are being 
taken. 

The piezometer fitting was designed to receive 
several sizes of piezometer tubes. The piezometer fitting 
was tapered inside to provide a good seal between the in- 
side wall of the piezometer fitting and the rubber cork 
cemented to the piezometer tube. The rubber cork is forced 
into position by a brass cap which is screwed to the top of 
the piezometer fitting. The rubber cork is provided with a 
concave surface to a depth of about 1/2 inch to prevent 
entrapment of gases around the intersection of the cork 
bottom and the piezometer fitting. 

The plunger supporting ring was constructed as 
an integral portion of the end plate nearest the loading 
arm 0ہ‎ which is shown in Figure VI. It consists of 
a lucite cylinder 4 inches in diameter and 1/2 inch thick 
which is attached to the end plate by three lucite columns 
1/4 inch in diameter, The cylinder is provided with three 
large holes to allow gas to escape from the area near the 
end plate. The purpose of the ring is to support the plunger 
during the process of assembly anc to assist the bushing dis- 
cussed previously in positioning the plunger when load is 
applied to the sample, 


The sample ring, shown in Figure VI, is composed 
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View of Left End Plate Assembly 
and Sample Holder 


FIGURE VI 





View of Right End Plate Assembly 


FIGURE VII 
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of built up lucite rings having an inside diameter of 
2.505 inches. The outside surface was tapered and roughened 
to provide a watertight seal between the ring and the wall 
of the cylinder when an "0" ring seal is forced into po- 
sition between the two surfaces. The inner edges of the 
ring which accommodates the anode plate were rounded to 
provide for easy positioning of the anode plate. The ring 
can accommodate soil samples up to approximately 1-1/8 
inches in thickness, 

The load bearing assembly, pictured in Figure VII 
was included to transmit the thrust from the sample to the 
thrust block, This assembly is a cylinder constructed of 
lucite which has a reinforced head nearest the sample to 
allow equal distribution of thrust on the porous plate. 

The cylindrical portion of the load bearing assembly was 
provided with eight large elliptical holes to allow the 

gases forming at the cathode an easy escape route to the 
piezometer tube. The end plate nearest the thrust block 
was appropriately grooved to a depth of 1/4 inch to ade- 
quately position the load bearing assembly. 

Since it was believed undesirable to attempt to 
anchor the cylinder to the wood cradles supporting it in 
order to resist the thrust provided by the loading arm 
assembly, a thrust block was employed. The thrust in this 
arrangement is transmitted from the plunger to the sample 


thence to the load bearing assembly and finally to the 
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thrust block which is securely bolted to the base of the 
apparatus, The base of the thrust block was slotted and 
the slots were made wider than the diameter of the anchor 
bolts in order that proper alignment could be accomplished 
and that the face of the thrust block would make perfect 
contact with the face of the end plate. Holes were drilled 
in the thrust block to accommodate the electric circuit 
wire running from the cathode to the ammeter, 

A removable brass pointer mounted on the plunger 
between the bushing and the end plate and a deflection 
gauge mounted on the collar of the cylinder provided a 
means of determining the amount of consolidation the sample 
was undergoing under various loading conditions, 

The base is composed of 1-1/2 inch plywood, 
stepped in appropriate locations to allow the thrust appli- 
cation to be maintained on a straight line from the loading 
arm to the thrust block. The base was heavily reinforced 
with two 23" x 24" x 1/4" angles to prevent the upward de- 
flection of the base resulting from the couple action 
established when load is applied to the loading arm. 

A glass reservoir with stopcock was installed to 
provide a sufficient water source to the filling tube in 
order to maintain a constant head of water. The reservoir 
is particularly valuable when the apparatus must function 
for long periods of time unattended, 


In order to conduct the type of test anticipated 
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it was learned after some investigation that a constant 
voltage electrical source was essential particularly as 
far as permeability determinations was concerned. It was 
ultimately determined that a direct current power source 
in the form of a new six volt storage battery could be 
utilized without excessive fluctuation in voltage. Plans 
were made to install a trickle battery charger so that the 
battery would be at a constant level of charge thereby al- 
leviating the possibility of voltage change đue to excess- 
ive electrical discharge of the battery. However, the 
first tests conducted indicated that the drain on the 
battery was very small and that the battery need only be 
charged after each series of tests were completed, 

Rubber-covered six-strand copper wire was util- 
zed throughout the electrical circuit. Wire of this size 
was chosen to reduce losses due to the resistance normally 
encountered in a wire that is too small. 

A double range voltmeter, Model 280, Number 
113941 manufactured by the Weston Electrical Instrument 
Corporation of Newark, New Jersey, was installed in the 
circuit to determine the consistency of voltage values 
during the tests. 

A triple range ammeter, Model 269, Number 151184 
manufactured by the Weston Electrical Instrument Corporation 
of Newark, New Jersey, was employed in the circuit to de- 


termine the resistance the sample offered to the flow of 
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current as drainage of water and consolidation was affected. 
The ranges of the ammeter are 0-15 milliamperes, 0-795 milli- 
amperes and 0-3000 milliamperes, All these ranges were 
utilized since the ampere readings ranged from over two 
hundred milliamperes to about six milliamperes. 

In order to determine temperature changes in the 
sample due to the passage of electrical current, a potenti- 
ometer Model 1117, Number 2000 manufactured by the Brown 
Instrument Company was installed and a thermocouple was 
manufactured for placement in the sample. A more complete 
discussion of this part of the apparatus will be presented 
later. 

Metallic porous plates composed of nickel and 
silver were utilized. The anode plate was 24 inches in 
diameter and 1/8 inch thick and the cathode plate was + 
inches in diameter and 1/8 inch thick. These porous plates 
are termed as fine grained and have a porosity over ten 
times that of the illite used for the tests, The head drop 
in water traveling through these plates is insignificant. 

In order that tne results gained from tests con- 
ducted by using the above described apparatus might be com- 
pared to standard material consolidation results, it was 
decided to use the standard consolicometer manufactured by 
the Soil Test Company. This apparatus is pictured in Figure 
VIII. It provides for two drainage surfaces and accommo- 


dates the same size sample as the electro-osmometer described 


above. 
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View of 
Standard Consolidometer 


FIGURE VIII 
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ERAS SEND ٣۰ 


The schematic Giagram shown in Figure V indicates 
the manner in which the component parts are assembled to 
construct the electrosmometer. Although Figure V is self 
explanatory as far as assembly is concerned there are 
certain aspects that should be covered here that were not 
covered in the discussion of design nor will they be covered 
in procedure, 

The attachment of the circuit wires to the anode 
and cathode was seriously studied and it was ultimately 
decided to merely silver solder the electrical wires to the 
porous plates, In order that the solder mounds would not 
interfere with the proper bearing of the components bearing 
on the porous plates and the porosity of the plates, the 
size of the solder mounc and its position was restricted, 
The rubber insulation was pealed from the wires for a 
length of about 1/2 inch. By trial and error method it was 
determined that a strong connection could be made if a 1/4 
inch pool of solder was melted on an area of porous plate 
previously cleaned with alcohol and then the wire placed 
this pool before hardening began. 

The thermocouple was prepared by stripping the 
insulation for about 1/2 inch of both the copper and con- 
stantan leacs. The wires were then twisted together for 
mechanical strength and were silver soldered. Since it 


was found that 30 gauge wires were too fragile for either 
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spot welding or torch soldering, silver soldering was 
about the only method available. 

According to Storch (16) using the solder for pre- 
paring the thermocouple would not affect the results ob- 
tained. He pointed out that since both leads are embedded 
in solder a "double thermocouple" effect results. First 
a solder copper thermocouple exists, then a copper to 
solder, solder to constantan and constantan to solder. The 
solder components of this "thermocouple chain" cancel each 
other out and the desired copper-constantan relation is 
left. Because of this thermo-electrical condition the 
temperature indicated by the copper-constantan thermocouple 
will be at the point where the thermocouple leads last 
touch the solder. 

Electrical leads to the battery were secured by 
ordinary battery clips. This type of connection was util- 


ized to allow the unit to be disassembled quickly and easily. 


C. Calibration 
After the apparatus was assembled it was necessary 
that it be calibrated to determine accurately the amount of 
load that was transmitted to the soil sample when load was 
applied on the loading arm after friction losses were con- 
sidered. The use of strain gages was considered, then 
eliminated, because of the complexity of the procedure. 


Consideration was then given to loading a simply supported 
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metal beam and obtaining the deflections occurring at each 
load increment. Then the beam was to be subjected to the 
thrust from the plunger as various load increments were 
applied to the loading arm. A comparison of the deflections 
resulting from calibration of the beam and tnose occurring 
during the calibration of the apparatus would provide 
values of thrust on the sample for various loads applied to 
the loading arm. However, this procedure was eliminated 
also because it was felt that the inherent inaccuracies 
might be excessive. It was finally determined that the 
simplest method was to use an eleven hundred pound loading 
ring mounted as indicated in Figure IX. The first results 
of this method were very ciscouraging in that they varied 
considerably from those values obtained by mathematical 
computation. It was subsequently determined that the load 
ring that was utilized was improperly calibrated. The load 
ring was recalibrated by applying known loads and observing 
the corresponding defection. The applied weights ranged 
from zero load to apnroximately one thousand pounds and a 
calibration graph was constructed. 

The thrust of the loading arm assembly was carried 
through a 1/2 inch steel shaft to a brass cylinder which was 
used to simulate the soil sample in the sample ring. This 
thrust was then transmitted to the load ring by another 
steel shaft mounted as shown in Figure X, The load ring 


placed without restraint on wood support was firmly 





HO 





View Showing Detail of 
Loading Ring Support 


FIGURE IX 





View of Calibration Setup 


FIGURE X 
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positioned by the thrust plate of the apparatus. Increasing 
increments of load were applied to the loading arm and the 
corresponding deflections were read on a defection gage 
appropriately mounted on the ring. It was then an easy 
matter to convert the gage readings to pounds of thrust. 
A graph was then plotted of applied load versus load on the 
sample which is presentec in Figure XI. 

Upon comparing the results of the above described 
procedure to those derived by computation it was found that 
they were in close agreement. It was concluded that 


friction losses were for all intent and purpose negligible, 


D. soil Sample Description 


The name of the soil used in all the tests con- 
ducted under this investigation shall be termed "illite", 
The name illite has been proposed as a general term and 
not a specific mineral name for the widely distributed clay 
mineral constituent of argillaceous sediment apparently re- 
lated to the mica group possessing the general form: 

(OH), KylAlı,. Fey. May. Meg) (Sig_y -~ Alg) O59. The term 
illite was proposed by Grim, Bray and Bradley in 1937. 

According to the American Petroleum Institute (21), 
Ener soil tested occurs in a clay pit of the Illinois Clay 
Products Company in the Goose Lake area, Northwest 1/2, 
Northeast 1/4, section 11, township 33H, Range 8E, about 


seven miles east of Morris, in Grundy County, Illinois. 
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The soil was taken from the greenish modules in the working 
face of the "Grundite layer" of clay which lies above the 
three other clay layers separated by three minor coal seams, 

The American Petroleum Institute report indicates 
that the soil tested was estimated to be 90% pure illite 
and impurities consisted of 2% quartz, 2% limonite, 2% 
sericite, 2% plagioclase, about 3% pyrite and a trace of 
carborate, 

To insure that the samples tested contained the 
percentage illite indicated above anc to insure no other 
clay crystals such as montmorillonite or kaolinite were 
present, a differential thermal analysis and an X-ray dif- 
fraction analysis were performed on the sample. The samples 
used for these analyses were selected to be as representa- 
tive as possible and were required to pass a two hundred 
mesh sieve. C. Heid Jr., conducted the cifferential thermal 
analysis on a representative soil sample and concluded that 
the results of his analysis indicated that the sample was a 
characteristic illite and that there were no kaolinite or 
montmorillonite clays present. He also discovered and 
proved the soil contained a small percentage of organic 
material. A quantative as well as the qualitative analysis 
was conducted by J. Powell using X-ray diffraction method 
on the soil samples. In general the results indicated that 
the percentage of illite previously mentioned was substantial- 
ly correct and that no clay crystals of montmorillonite or 


kaolinite were present. 
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A secondary motive was involved in obtaining the 
X-ray diffraction analysis of soil samples before and after 
treatment and it lay in the fact that this analysis could 
adequately serve as a basis for determining whether or not 
electrical current of the magnitude used would change the 
Ary stalline structure of the clay. The results of this com- 
parison will be discussed in the "Results and Discussion" 
section of this thesis. 

In order to further identify the soil tested, a 
sieve and hydrometer analysis was accomplished. The grain- 
size distribution curve shown in Figure XII indicates that 
range of particle sizes is small, i.e., the particle sizes 
range from 0.420 millimeters to .0006 millimeters but that 
within this range the distribution is fairly uniform. 

Three tests were conducted to determine the spe- 
cific gravity of the illite and an average value of 2,76 
was obtained. 

Since the illite was received in a very desirable 
powder form grinding was not necessary. As shown by the 
grain size distribution curve, approximately 95% of the 
material used could pass a two hundred mesh sieve, 

Atterberg limits values were determined for the 
Sample tested. The results of these tests are shown in 
Table 1. The primary reasons for the determination of the 
Atterberg limits was to have a basis for comparison for 


those obtained from the sample that had been subjected to 
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46 
electrical treatment, 
| Since the sample was shipped in a fifty pound bag 
care was taken at all times to insure that representative 
۱ samples were utilized in the tests. 
The material was thoroughly mixed when it was 
transferred to the storage bin and when test samples were 


removed from the bin they were selected by the quartering 


method on a large sample removed from the bin. 


| 


— 
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0ئ 
PROCEDURE‏ 


A. Sample Preparation 

For comparison reasons, it was deemed necessary 
that the soil samples should be free of all loading effects. 
This was particularly necessary as far as the consolidation 
phase of the investigation was concerned. The author felt 
that the consolidation curves obtained in the tests should 
all be on the virgin compression portion of the voic ratio 
versus load curve. Therefore, sample numbers 1, 2, 3 and 4 
were prepared by the same procedure utilized by Dawson and 
Me Donald (6) which is discussed below. 

The air-dried soil was thoroughly mixed with a 
quantity of distilled water necessary to obtain a soil con- 
sistency sufficiently stiff to allow the sample to be placed 
in the sample holder without the soil sample flowing or de- 
forming. Therefore, the water content of the mixture was 
near the liquid limit. The soil-water mixture was initially 
tempered by allowing it to remain in an air tight container 
for about twenty four hours. This step was necessary to 
allow the soil to gain a uniform moisture content through- 
out the sample. 

Extreme care was taken in selecting the samples 
to be used in the consolidometer and electro-osmometer. 


This was necessary so that the two samples used would be 


u meat SS nn ee 88888 
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as much alike as humanly possible to make them, The 
samples selected were then carefully and simultaneously 
placed in the sample holders for each apparatus with ex- 
treme caution being taken to eliminate all possible air 
voids. The top and bottom surfaces of each sample were 
then trimmed with a common household type cheese cutter 
to insure smooth surfaces, 

While the first tests were being accomplished, 
various methods were being studied to create a procedure 
that would eliminate the obvious inherent unsatisfactory 
factors associated with the above-described procedure. 
Unfortunately, a better procedure could not be devised if 
the pre-loading specification established for the first 
tests was to be satisfied. The results obtained in the 
first test for the load increment of 1/8 ton per square 
foot were erratic, inconsistent and of questionable value. 
in view of this fact, it was decided to eliminate this 
increment. Therefore, it was decided that pre-loading the 
sample with 1/8 ton per square foot load increment would 
not effect the consolidation results desired. 

This decision permitted a much more acceptable 
Sample preparation procedure which is outlined below. The 
air-dried soil was mixed with a known quantity of water 
sufficient to raise the water content of the soil somewhat 
above its liquid limit. The soil and water was thoroughly 


mixed by a household type electric mixer for about five 





e 
minutes and the mixture was then transferred to a 24 inch 
inside diameter lucite cylinder about 12 inches long. 

Porous stone plates were placed at the top and bottom of 

the soil column to allow good drainage. A load was then 
applied to the sample to cause a 1/8 ton per square foot 
load to exist. The pre-loading apparatus utilized is shown 
in Figure XIII, The soil was allowed to consolidate under 
this load for a period of about a week which resulted in a 
soil sample possessing the consistency desired. The ad- 
pantages of this procedure are, firstly, a more uniform 
water content in the sample is obtained; secondly, fewer 

air voids exist in the soil sample and finally, the sample 
is far easier to place in the sample holders of the machines. 
Since the diameter of the tube and sample holders are icenti- 
cal, The soil is merely pushed out of the cylinder a re- 
quired distance into the sample holder and cut off with a 


steel wire. 


B. Assembly of Apparatus. 

The assembly of the consolidometer and electro- 
osmometer should be concucted simultaneously to prevent 
evaporation of water from the samples, Since two investi- 
gators were utilizing the same soil sample in conducting 
the investigation this requirement could be easily met. 
The assembly of the consolidometer is a simple straight- 


forward procedure and will not be discussed in any detail. 
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Pre-Loading Apparatus 


FIGURE XIII 


3 
However, the procedure involved in assembly of the electro- 
osmometer is somewhat complex and delicate, It will be dis- 
cussed in detail in the subsequent paragraphs. 

After the soil sample has been properly positioned 
in the sample ring, i.e., the face of the soil sample is 
flush with the cathode face of the sample holder, a piece of 
moistened filter paper is placed over this face of the sample 
holder to protect the sample. The sample holder is then 
placed in the cylinder of the electro-osmometer and position- 
ed about 3/4 inch short of its final location with a large 
rubber cylinder about 4 inches in diameter. Positioning 
with the rubber cylinder is necessary since the tolerance 
between the sample holder and the cylinder wall is very 
small and binding is very likely unless the positioning 
force is applied uniformly. Efforts to relieve the binding 
can easily disturb the sample. When the holder is in its 
tial position in the cylinder, a rubber "O" ring seal is 
fitted in the tapered portion of the sample holder. Then 
the sample holder is Griven toward the cathode side of the 
cylinder to an intermediate position about 1/4 inch beyond 
its final position in order to insure that the "0" ring 
seal is properly seated, Final positioning of the sample 
holder is accomplishec by the load bearing assembly when 
the right end plate is secured. The filter paper is re- 
moved and the cathode plate anc thermocouple are put in 


place followed by the load-bearing assembly, rubber "0" 
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ring seal and the end plate. The end plate "0" ring seal 
must be deformed on the top so as to just contact the upper 
side of the cylinder. This is necessary to prevent the 
formation of air pockets between tne cylinder collar and 
end plate. The end plate "O" ring seals prove to be un- 
satisfactory in that it was most difficult to obtain an 
adequate water tight seal. ‘The seal should be 1/4 inch 
rubber sheet which makes uniform contact with the entire 
surface of the collar plate, The right end plate is then 
bolted into position and the investigator should be care- 
ful that the load bearing assembly is properly seated in 
the seat prepared for it in the end plate. The cylinder 
is then up-ended to facilitate placement of the anode 
plate, plunger and left end plate assembly. Care must be 
exercised in placing the anode plate because it is ex- 
tremely easy to disturb the surface of the soil sample in 
this operation. 

The same steps in positioning the "0" ring seal 
as indicated above must be applied to placing the left end 
plate. The ceflection gauge and its mounting are attached 
when the left end plate is installed. The brass pointer 
is then attached to the plunger and the horizontal thrust 
bearing is placed on the plunger. The thrust block is then 
positioned and bolted down. The connecting tube is installed 
and the cylinder is filled with distilled water. When the 


cylinder is full and all the air pockets have been 
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eliminated the piezometer tube is installed. As soon as 
the battery and electrical instruments are hooked up the 


apparatus is ready for testing. 


Com General Testine Procecune. 

Since it was required that two investigators util- 
ize the same apparatus in conducting their research, it was 
necessary to develop a testing procedure that would give each 
investigator maximum information from each test. In order 
to accomplish this requirement the procedure diagramati- 
cally outlined in Figure XIV was developed and utilized 
for three of the six tests completed. In order that com- 
plete permeability results could be obtained it was necessary 
that the sample be subjected to the passage of electrical 
current before any load was applied to the sample. Further- 
more, it was necessary to pass electrical current through 
the sample for some time after it had been consolidated 
under each load increment. The effect of these require- 
ments on the consolidation phase will be discussed in de- 
tail later, Equally as unsatisfactory to the permeability 
phase of the experiment was the relatively short period of 
time available for the observation of the electrical perme- 


ability after the sample was consolidated under a specified 


load. 


In spite of the above objections usable data was 
obtained and it is felt that the procedure outlined was as 


8000 as might have been expected under the circumstances, 
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In order to determine the effects of the foregoing objections, 
sample numbers 3 and 4 were conducted primarily for perme- 
ability data. Sample number 6 was conducted for consoli- 
dation data only. 

As indicated in Figure XIV, test numbers 1, 2 
and 5 were first subjected to an electrical potential for 
a period of twenty to thirty hours before load was applied, 
then the first load increment was applied and the sample 
was allowed to consolidate, After one hundred percent 
consolidation was obtained, the electrical permeability 
test was conducted for a period ranging from two to six 
hours. This procedure was repeated for successive load 
increments of 1/4, 1/2, 1, 2 and 4 tons per square foot. 

Procedure at the beginning of each of tests 
numbers 1, 2 and 5 was changed slightly to accommodate 
necessary changes which were manifest in previous tests, 
In the first test the initial load increment was 1/8 ton 
per square foot but was eliminated in subsequent tests 
for reasons previously mentioned. In the second test the 
1/4 ton per square foot load increment was the first load 
increment applied. Test number 5 was different in that 
the sample was pre-loaded to 1/8 ton per square foot and 
was then subjected to electric potential. In tests numbers 
3 and 4, which were conducted primarily for permeability 
Gata, the samples were pre-loaded with a load of 1/4 ton 


per square foot and electric current was applied for a 
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period of about four days. In these tests subsequent load 
increments were not applied. 

Test number 6 was conducted primarily for consoli- 
dation data, therefore, no time was utilized in conducting 
electrical permeability tests before loading or after each 
load increment had consolidated. In this test the soil 
sample was pre-loaded with a load of 1/8 ton per square 
foot. The purpose of this test was to determine the effect 
of the permeability tests on the results of consolidation 
phase of the investigation. 

For each load increment's consolidation period 
and for each period of electrical permeability determina- 
tion piezometer, deflection gauge, ammeter, voltmeter, 
room temperature ana potentiometer readings were taken at 
specific time intervals especially during the consolidation 
period, Readings were taken for the consolidation phase at 
the following time intervals measured from "0" time, .25, 
mre, 2, 3, 5, 10, 15, 30, 60, 120, 240 anc 1440 minutes, 

The sample was then removed from the apparatus 
and water content was determined at the anode surface 
center and cathode surface of the sample. Atterberg limits 
tests were also conducted on the sample. The samples re- 
moved for water content were made unusually large so that 
they could be utilized for X-ray diffraction anc differ-~- 
ential thermal analysis. 


The test specimens for each apparatus were 
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prepared to a pre-determined height and weighed before they 
were placed in the sample holder. This procedure was neces- 
sary for void ratio determination. 

As indicated in Figure XIV a corresponding sample 
placed in the consolidometer was subjected to the same load 
increments as that in the electro-osmometer for each test 
conducted. The purpose of this action was to provide a 
basis of comparison in order that the effects of electro- 
osmosis on consolidation misht be evaluated. Deflection 
gauge and time readings were recorded for the same time 
intervals as those indicated for the electro-osmometer, 
Hydraulic permeability ceterminations were obtained after 
one hundred percent consolidation was reached under each 
load increment. The final sample was weighed, dried and 
weighed again to determine the moisture content and to ob- 


tain data essential in computing void ratio. 
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00 . 
RESULTS AND DISCUSSION 


A. General 

The purpose of this section is two fold, firstly, 
to delineate the results obtained from the tests conducted 
and secondly to attempt to explain abnormal or unexpected 
results and correlate them with those obtained by other 
investigators. The attempt to correlate the results of 
this investigation with those obtainec by other investi- 
gators is very difficult inasmuch as most literature per- 
taining to the results of other investigators fail to out- 
line completely the concitions under which their tests were 
conducted. The most flagrant omission of test conditions 
was that of an adequate description of the type soil being 
investigated. In view of this fact correlation will be 
made only in those cases where the general trend of the 
results gives strong indication that a particular result 
would be expected. 

The results and the discussion of these results 
were integrated in this thesis to eliminate duplication, 
and to provide continuity and clarity. 

The results discussed under the "General" sub- 
heading will concern only those observations which were 
common to all tests conducted or were of such a nature 


that they could not be appropriately discussed in other 
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۳ 011510115 of this section. 

Due to the lack of better terminology, the sample 
subjected to an electrical potential will be known as the 
"treated sample" and the sample placed in the standard con- 


solidometer will be known as the "untreated sample", 


Water Content Changes 

Water content determinations were conducted as 
indicated under the "Procedure Section" anc the results of 
these ceterminations are shown in Table 2. From studying 
Table 2, it appears that the only valid conclusion that can 
be reached is that the water content at the anode portion 
of the soil sample is higher than those of the other 
portions of the sample. The water content values for tests 
numbers 1, 2 and 6 seem fairly uniform for the water content 
determination at the middle of the sample. The water con- 
tent determinations for the portion of the samples in the 
Vicinity of the cathode plate were very erratic. There 
exists a very plausible reason for this and it lies in the 
fact that free water can be trapped in the cracks and 
fissures existing in the sample near the cathode plate. 
The quantity of water in these fissures varies due to the 
effects of evaporation when the sample is exposed and gravi- 
tational drainage when the sample is being prepared for 
water content determination, In view of the above dis- 


cussion it can be seen that large variation in water content 













TABLE 1 


ATTORBIRS LIMITS 


س 













PLASTICI Y 
INJER 


PLASTIC 
ul |, 


PLASTIGI TY 
InoEX 


LITIO 
LIMIT 












TABLE 2 


WATER CONTENT 


| SAMPLE 
m m. 





61 


determination of the soil sample near the cathode plate is 


entirely possible. 


The results of the Atterberg limit determinations 
before and after electrical treatment are shown in Table l. 

Only two Atterberg limit determinations were con- 
ducted on the soil before treatment because the material was 
identical for each test conducted and the results obtained 
in these tests were fairly comparable. 

In each test it was noted that the liquid limit 
and the plastic limit was higher for the treated sample than 
for the untreated sample. In all except tests numbers 3 and 
l the plasticity index was higher for the treated sample 
than for the untreated sample, 

As indicated in the "Theory Section" most investi- 
gators have found that the values of liquid limit, plastic 
limit and plasticity index for the treate samples are some- 
what lower than those for the untreated samples; others 
have found that the reverse is true. In view of these con- 
flicting results no positive check can be made. Since the 
results indicated in Table 1 consistently indicate that the 
۳٠٢ of the liquid limit, plastic limit and plasticity 
index are higher for the treated sample than for the un- 
treated sample these results are considered entirely ac- 


ceptable for the type soil used in this test. 


62 


Upon comparing the pasticity indices given in 
Table 1 with the duration of electrical potential applica- 
tion given in Table 3 it was noted that, with only one 
exception, the greater the total duration of electrical 
potential application the higher the plasticity index 
value became. 

During the process of slaking and remolding the 
treated sample for the Atterberg limit determinations, it 
was noted that the portion sample nearest the cathode re- 
sisted the slaking process until a considerable amount of 
remolding had been accomplished. However, after about 
five minutes of working the sample with a spatula the 
clay became slaked. This woulda tend to incicate that 
irreversible hardening is not obtained by the use of nickel 
or silver porous plates. This verifies Casagrande's (15) 
conclusion that the use of metals other than aluminum for 
the anode plate produced only temporary strengthening which 


was lost after slaking in water for a short time. 


Physical Appearance 


The portion of the sample nearest the cathode was 
flaky and fissured in appearance for a depth of about 1/8 
inch, The color of this portion was a much lighter grey 
than that of the rest of the sample. The color was not 
uniform throughout this 1/8 inch layer, but was interlaced 


with patches that were almost black and those of a blue- 
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green hue. Portions of this part of the sample were very 
brittle and flaky while other portions were very hard and 
compact. The rest of the sample appeared much the same as 
it did before treatment, except, of course, it had greater 
strength and was somewhat drier. The above observations 
seem to bear out Casagrande's (3) conclusion that a re- 
molded soil subjected to an electrical potential tends to 
develop a structure "which is similar in appearance to 


Peace of clay in its natural state", 


Expansion Effects 

After each load increment had fully consolidated 
the sample, the water in the piezometer tube was lowered 
until it equalled the height of the water in the over-flow 
tube. Each time this action was accomplished it was noted 
that the deflection gauge indicated a small amount of ex- 
pansion was occurring in the sample. This was due to the 
fact that a head of water was acting on the sample caused 
by the rise of water in the piezoneter tube, When this 
head of water was decreased the clay sample expanded or 


rebounded due to the decreased effective thrust on it, 


Electrical Current and Voltage Changes 





As shown in Figure XV, the time versus current 
H ` for tests numbers 1, 2, 5 and 6 are characteristic. 
When the electricity was first applied to the soil sample, 


the ammeter was recording approximately 220 milliamperes 
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for each test. There were deviations, of course, because 
of differences in sample thickness and water content. The 
amperage values decreased very rapidly during early part 
of the tests and then leveled off at a value of 5 to 7 
milliamperes, The amperage values continued to slowly de- 
crease during the leveling off period. 

When each load increment was appliea the amperage 
velues would immediately increase in the amount of 0.1 to 
0.3 milliamperes. This increase was usually dissipated 
during the first hour the sample was consolidating under 
the new load increment. The reason for this increase was 
probably cue to the fact that the water distribution had 
been somewhat changed due to the compression caused by the 
new load increment which resulted in reduced resistance to 
current flow by providing a continuous and a thicker con- 
ductor,  Ihesc fluctuations were not recorded on the curves 
in Figure XV in view of their ephemeral nature, 

It is the author's opinion that the shape of the 
current curves shown in Figure XV is very closely related 
to the length of time the sample was subjected to an elec- 
trical potential before load was applied. It was noted 
that for the longer periods of pre-treatment, the break in 
the initial straight line drop of the current curve oc- 
curred at higher amperage values and that the curve re- 
quircd a longer time to begin its final leveling off process, 


The voltage varicd from a value slightly over 6 


———————————-————"—— 
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volts at the beginning of the first test to 5.95 volts 
during test number 6. The battery was charged once during 
this investigation for a period of about two hours prior 


to the beginning of test number 5, 


Temperature Differentials 

Determinations of temperature increases in the 
sample due to the resistance offered by the soil was 
measured. During the zero loading perioc of test number 1, 
the temperature differential between the soil sample and 
room temperature rose to a peak of about 5c, during the 
first two minutes of the loading perioc which was dissi- 
pated in a period of forty minutes. There was no further 
temperature differentials observed until the 1/2 ton per 
square foot load increment was applied. The temperature 
differential reached a peak of 1°C. during the first five 
minutes of the loading period and was dissipated in about 
two hours. A temperature differential of 3°C. occurred 
during the electrical permeability determination after 
the 1/2 ton per square foot load increment consolidation 
and was dissipated during the one ton loading period, 

At the beginning of the two tons per square foot 
loading period a D during the electrical permeability 
determination for this increment. It then decreased to 
Dc. Guring the four tons per square foot loading period 


and finally increased to 3°C. during the clectrical 
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permeability determination for this toad increment. 

During tests numbers 2, 3, + and 5, no tempera- 
ture differential was noted. In view of the results ob- 
tained in test number 1, it was felt that something was 
wrong with the thermocouple. Therefore, prior to test 
number 6, a new thermocouple was constructed similar to 
the one described in the "Matcrials and Apparatus Section" 
۲ this thesis. 

During test number 6, a temperature differential 
of 5°C. was noted after the electrical potential had been 
applied for three minutes and this dissipated itself in 
six hours. No further temperature differentials were 
noted during the remainder of this test, 

The author finds it difficult to explain why most 
of the peak tcmperature differentials occurred a few minutes 
after the load increments were added. Common sense woulc. 
dictate that the greatest amount of heat energy would be 
generated when the resistance to the flow of electric 
current was the highest. In these tests it would mean that 
the greatest temperature Gifferential should occur when the 
sample is consolidated, because a revicw of the ammeter 
readings will show that the resistance to clectrical 
current flow increases as the consolidation process nears 


completion. 
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Anode Decomposition 

During test number 1, it was noted from visual 
inspection that there was considerable decomposition of the 
anode plate. In order to determine the loss of anode mate- 
rial during the test, the anode plate was removed, dried at 
110°C. for a period of four hours and weighed prior to test 
number 2. After the test was completed the anode plate was 
again removed, dried at 1160 ጠመው period of four hours 
anc weighed again. It was determined that in a period of 
two hundred and four hours the anode plate loss amounted to 
2.0056 grams, After a period of eight hundred and eighty 
three hours the thickness of the anode plate was reduced 


from 0.125 inches to .104 inches. 


pH Values 


In all tests the liquid in the anode side of the 
electro-osmometer attained a greenish-blue tint and a 
fluffy white precipitate gathered at the bottom of the 
cylinder. The liquid in the cathode sice of the electro- 
osmometer was clear and free of the precipitate. pH values 
were obtained for the liquid in each side of the cylinder 
after test number 1 and these values were 5,38 for the 
anode side and 11.35 for the cathode side, 

An elementary chemical qualitative analysis was 
conducted on the liquid from the cathode sice of the cylin- 


der indicated that there were no compounds of nickel, silver 
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or copper present. A trace of a silver compound was Found 
in the anode side of the cylinder. There was strong indi- 
cation that copper carbonate and nickel carbonate were 
present in this liquid. A complete chemical analysis of 
the soil and water would be necessary before any useful 
conclusions could be formed on this phase of the investi- 


gation. 


Changes in Sample Content 


Since some investigators have indicated that under 
certain ranges of electrical potential there was a change in 
crystal structure of the clay, X-ray diffraction analysis 
was accomplished by J.E. Powell on the soil samples subjected 
to electrical potential in tests numbers 1 and 2, In the 
analysis of both samples it was found that there was defi- 
nitely no change in the crystalline structure of the clay. 
This fact was confirmed by C.C. Heid Jr., who performed a 
differential thermal analysis on the same samples. However, 
it was noted upon comparing the X-ray spectrometer record- 
ings of the natural sample with those of similar recordings 
for material removed from positions near the anode, middle 
and cathode of the treated sample that a foreign material 
had been introduced and was decreasing the intensity of the 
illite peaks on these graphs. This fact can quickly be 
verified by comparing the X-ray spectrometer graph for the 


untreated illite sample shown in Figure XVI to Figures XVII 
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XVIII anc XIX which represent the specimens taken from 
sample number 2, The analysis concucted for sample number 
2 is representative for all the test samples analyzed, 
therefore, only the results of this analysis will be in- 
Eded in this thesis. A comparison of Figures XVII, 
XVIII and XIX indicate that the peak intensity is the 
smallest at the cathode and increases to an almost normal 
magnitude at the anode. From this observation it could be 
concluded that the greatest amount of foreign material was 
found at the cathode, Although the sample was not chemi- 
cally analyzed, it is felt that the foreign material must 
be some compound of nickel or silver, There was no indi- 
cation from the X-ray analysis that the methyl orange 
introduced in sample number 2 had any effect on the crystal- 


line structure of the clay. 


B. Test Number 1l. 

Figures XX, XXI, XXII, XXIII and XXIV represent 
the results of the test number 1. A comparison of the con- 
solidation curves of the treated sample to the untreated 
sample on Figures XXII and XXIV reveals a very unexpected 
result in that it required a longer time to reach the theo- 
retical one hundred percent consolidation in the treated 
Sample than it did in the untreated sample. However, for 
the other load increments in this test, the reverse is true. 


It was difficult to get the theoretical initial compression 
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readings for the treated sample curves subjected to the 
smaller load increments because the initial segment of the 
curve was a very flat curve. This difficulty probably re- 
sulted in some inaccuracies in the determination of the 

50 factor used in computing the coefficient of consoli- 
dation. It would probably have been wise to use the square 
root fitting method on those soils exhibiting so much 
secondary compression that the logarithmic plot did not 
produce a characteristic shape. 

Figure XXV represents the void ratio versus load 
curves for sample number 1. It is interesting to note that 
under each load increment the void ratio of the treated 
sample was less than that of the untreated sample. This 
means that there was less consolidation under load for the 
treated sample than for the untreated sample. It was also 
noted that the difference in void ratio was becoming in- 
creasingly less as the size of load increments and duration 
of electrical potential increased, 

Figure XXXXV presents a comparison of the co- 
efficients of consolidation for the treated and untreated 
samples used in test number 1. One questionable assumption 
was made in order that the coefficients of consolidation 
could be calculated. This assumption was that during con- 
solidation the treated sample was subjected to single drain- 
age only. 


As indicated in the "Theory" section, several 
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investigators have Giscovered that during the first minutes 
of a test there is some drainage through both the anode and 
cathode plates and after that period the flow is primarily 
through the cathode plate. But as discussed previously, 
there can be definite oscillations in the direction of flow 
of water in the sample and under certain conditions colm- 
plete reversal of flow direction can occur, The magnitude 
of these variations and their effect on the above assumption 
are not known. 

Àn attempt to determine the direction of flow of 
water in the treated sample was made by placing a small 
quantity of methyl orange on the anode face of the soil 
sample used in test number 2. However, due to the initial 
anode drainage, most of the dye was expelled into the liquid 
on the anode sice of the electro-osmometer. There was not a 


visible trace of dye on the cathode side of the apparatus. 


C. test Number 2. 
ice consobidavton curves an Figures XXVI, XXVII, 

XXVIII, XXIX and XXX represent the results obtained from 
test number 2, From Figures XXVI and XXVII it can be seen 
that the treated sample consolidation curves are not 
characteristic and there is a strong indication that these 
curves represent the secondary consolidation phase of these 
load increments. For each load increment of this test, the 


treated sample reached the theoretical one hundred percent 
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89 
consolidation point in a shorter time than did the untreated 
sample, however, for the heavier loaé increments and longer 
duration of apnlication of electrical potential the differ- 
ence in consolidation time was relatively small. 

The void ratio versus load curves Figure XXXI, 
for this test were similar to those obtained in test number 
1, except that the relative positions of the curves for the 
treated and untreated samples were further apart for test 
number 2 than for test number 1. This is believed due to 
the presence of the methyl orange in this test. Since 
methyl orange in solution produces sodium ions it can be 
seen from Winterkorn's (20) observations that these curves 
could possibly have greater relative displacement than 
would occur if sodium ions were not present, 

Although only three values were obtained for the 
untreated and treated samples the coefficient of consoli- 
dation curves shown in Figure XXXXV were similar to those 
obtained for test number 1, here was a greater displace- 
ment between the curves plotted from the results of test 
number 1 during periods that the 1/4 and 1/2 ton per square 
foot increments were applied than between the curves ob- 

D uned for test number 2, However, at the one ton per 
square foot increment the displacement for both tests were 
approximately equal. For larger load increments the dis- 
placements between the applicable curve segments obtained 


for test number 1 was less than those obtained in test 
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number 2. 


D. Test Numbers 3 and 4 


As indicated before test numbers 3 and 4 were con- 
ducted primarily for permeability determinations. These 
samples were pre-loaded to 1/4 ton per square foot and con- 
solidated under this load before the application of an 
electrical potential. Figure XXXII indicates the deflections 
noted in the sample after the samples were subjected to an 
electrical potential. It is interesting to note that after 
the electrical potential had been applied for some time the 
sample began to expanc. This expansion is probably due to 
any one or a combination of the following factors: 1l. a 
reversal of electro-osmotic flow; 2. the attempt of the clay 
Bo form a new structure, or 3. the addition of foreign mate- 


rial to the soil sample. 


the consolidation curves shown in Figures XXXIII, 
XXXIV, XXXV, XXAVI and XXXVII represent the results obtained 
from test number 5. The results of test number 5 are con- 
sidered to be the most accurate of test numbers 1, 2 and 5. 
These tests were all conducted under practically the same 
modifications in technique and procedure determined necessary 
by conducting test numbers 1 and 2. It was noted that for 
the consolidation under the load increments of 1/4, 1/2 and 


l ton per square foot it required a longer period of time to 
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98 
reach the theoretical point of one huncred percent consoli- 
dation for the untreated sample than it did for the treated 
sample, however, for consolidation under the 2 and b tons 
per square foot load increments just the reverse was true. 

As shown in Figure XXXVIII, the void ratio versus 
load curves are similar to those obtained in test numbers 1 
and 2, except for the fact that their relative positions are 
different. In this test the curve for the untreated sample 
crosses and recrosses the curve for the treated sample which 
indicates that for the one and two tons per sguare foot load 
increments the treated sample was attaining a slightly lower 
void ratio value than the untreated sample. This condition 
was not observed in the results of test numbers 1 and 2. 

The coefficient of consolidation curves in Figure 
XXXXVI, for sample number > appeared to be an average of 


the results obtained for test numbers 1 and 2, 


F. Test Number 6 

As mentioned before, test number 6 was conducted 
primarily to determine the effects that the time consumed 
in electrical permeability determinations might have had on 
test numbers 1, 2 and 5. 

The consolidation curves in Figures XXXIX, XXXX, 
XXXXI, XXXXII anc XXXXIII represent the results of test 
number 6, 


The first difference noted between this test and 
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previous tests was the unusually large amount of consoli- 
dation obtained uncer the 1/4 ton per square foot load in- 
crement, Except for the 1/2 ton per square foot load in- 
crement the treated sample reached the theoretical one 
hundred percent consolidation point in a shorter time than 
did the untreated sanple. 

As shown in Figure XXXXIV the void ratio versus 
1096 curves are similar to those obtained in test numbers 
l and 2 and seem to strike a very nice average between 
these tests as far as relative displacement of the curves 
e concerned. 

The most significant difference between test 
number 6 and test numbers 1, 2 and 5 was that of the shape 
of the coefficient of consolidation curves as shown in 
Figure XXXZVI. The coefficient of consolidation curve has 
undergone a complete reversal in curvature as compared with 
Similar curves for the other tests. 

Almost without exception in each series of tests 
conducted the void ratio attained by the treated sample 
subjected to a particular load increment was higher than 
that of the untreated sample subjected to an identical 
increment. It is the author's opinion that this result 
displays the results of the phenomenon of electro-chemical 
hardening discussed in the "Theory Section", The presence 
of the foreign material in thc clay Sample and the decom- 


position of the anode plate tend to indicate base exchange 
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activity must have been considerable. The effect of this 
action on the clay structure seemed to be one that intro- 
duced a certain amount of fixity in the soil structure which 
tends to resist compression to such a degree that the sample 
becomes consolidated at a higher void ratio than the un- 
treated sample. 

From test numbers 3 and 4 it was observed that if 
a soil sample, initially consolidated under a particular 
load increment, was subjected to electrical potential, ad- 
ditional compression of the sample resulted, This fact 
appears to verify the belief that the reason for the void 
ratio of the treated sample being higher than that of the 
untreated sample was due to the phenomenon of electro- 
chemical hardening, 

In general, the tests conducted seemed to indicate 
that when the samples were subjected to load increments of 
1/4 and 1/2 tons per square foot the treated sample consoli- 
dation in a much shorter period of time than did the un- 
treated one, However, when the samples were subjected to 
load increments of 1, 2 and hà tons per square foot the con- 
solidation times for the treated and untreated samples were 
almost the same. Several instances occurred when the 
treated sample took longer to consolidate than did the un- 


treated one. The reason for this abnormality is not known. 
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PART VI 
CONCLUSIONS 


After a careful consideration of the results ob- 
tained from this investigation and the literature stucied, 
the conclusions incicated below were derived, This research 
should be considered only as a preliminary investigation and 
accordingly the conclusions cerived therefrom should be 
applied with liberal use of good judgement. There are many 
facets involved in an investigation of the effect of electro- 
osmosis on the consolidation characteristics of a particular 
soil sample that must be thoroughly studied before meaning- 
ful conclusions can be reached, Time limitations permitted 
the author to investigate only those general effects in- 
dicated below. The author's conclusions are;- 

(1) The electro-osmometer as designed and con- 
structed meets the requirec. functional objectives and is 
considered a success. 

(2) The passage of a direct electric current 
through an illite-water mixture changes the physical proper- 
ties of the sample near the cathode, The appearance of this 
portion of the sample indicates a definite treng of the soil 
to assume a new structure, 

(3) The application of an electrical potential to 
an illite-water mixture using nickel-silver electrodes 


Causes the values of the liquid limit, plastic limit anc 
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111. 
plasticity index of the soil to become higher than those 
obtained for an untreated illite, 

(+) The passage of direct electric current through 
an illite-water mixture results in a higher void ratio at 
one hundred percent consolidation for a particular load in- 
crenent than for that of an untreated sample subjected to 
the same load increment. There is good reason to believe 
that this factor is due to electro-chemical hardening. 

(5) Electro-osmosis also effects the time that 
complete consolidation is reached in an illite sample. For 
the smaller load increments the treated sample consolidates 
much more rapidly than does the untreated samples. However, 
as the magnitude of the applied load increment and the dura- 
tion of the application of the electrical potential increase, 
the time differential for complete consolidation between the 
treated and untreated sample diminishes. In some instances 
it was noted that the treated sample was requiring more tine 
to reach complete consolidation than was required by the un- 
treated sample. 

(6) The duration of the electrical pre-treatment 
of an illite greatly effects the sample resistance to elec- 
trical current flow during the early portion of the test. 

In general these observations indicate that an increase in 
the pre-treatment period results in a more rapid development 
of near-maximum sample resistance to electrical current flow. 


(7) If an electrical potential is applied to an 
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illite sample which has been completely consolidated, the 
sample will consolidate to a greater degree and will if sub- 
jected to electrical treatment long enough expand a small 
amount. 

(8) Although the results obtained by using nickel- 
silver porous plates as the anode ane cathode are considered 
entirely acceptable, it is believed that their use should be 
discontinued., There is considerable evidence that both 
metals ionize and participate in baso exchange activity and 
because of this fact it is difficult to determine effects 
of the individual metals, 

(9) The coefficient of consolidation in illites is 
greatly effected by the application of electrical potential. 
The effect is more pronounced when the sample is subjected 
to the lower load increments and shorter duration of the 
application of electric current in that the displacement 
between the curves for the treated and untreated samples is 
greatest under these conditions. 

(10) Since the observed temperature differentials 
between the sample and room temperature were so small, it 
is believed that the effect of this factor on the consoli- 
dation process can be considered insignificant when util- 


izing very low voltages. 
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PART VII 


RECOMMENDATIONS 


125 55 06 20-15053212625 526572155 ٣ 
electro-chemical hardening which accompanies the clectro- 
osmotic phenomenon is a very important factor. Very little 
is known about quantative or qualitative effects of electro- 
chemical hardening on clay-water mixtures. Further study is 
required to differentiate between the consolidation effects 
caused by electro-chenical hardening and those attributed to 
the evacuation of water from the soil sample and the estab- 
lishment of pore water tension when an clay~water system is 
subjected to the electro-osmotic process, 

One of the most important requirements needed to 
sustain the investigation into the effects of electro- 
osmosis at this school is a means of obtaining a variable 
voltage source. Although quite expensive, apparatus is 
marketed by commercial firms to convert alternating current 
to direct current and is so constructed that variations in 
voltage of O-100 volts can be available. With this highly 
desirable electrical source research could be conducted on 
various soils to determine the economical amount of elec- 
trical current required in the practical application of the 
theory of electro-osmosis, 

Variable voltage would also be a very necessary 
factor in determining the effect that temperature increases, 


resulting from the resistance the soil proviccs against the 
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flow of electric current, would have on the consolidation of 
soils by use of electro-osnmosis. 

Several necessary changes in apperatus and test 
procedure were manifest during the series of tests conducted 
by the author. These changes are: 

(1) In order to reduce the complexity of the base 
exchange evaluation, only homoionic clays shoulc be used in 
testing. Of course, many types of ions should be used to 
saturate the various clay samples, investigated in order to 
determine the effect each particular ion will have on the 
electro-osmotic process. For comparison purposes, the 
results obtained from a natural sample would also be desir- 
able, 

(2) The porous material used for the anode and 
cathode plates should be composed of only one metal, pref- 
erably aluminun. 

(3) Aluninum wiring should be used in the portion 
of the electrical circuit that enters the electro-osmometer, 
The wiring should be secured to the anode plate with an 
aluminum mechanical fastener, The purpose of this recon- 
mendation is to decrease the number of different ions intro- 
duced into the sample by electrolytic decomposition of the 
anode plate and the circuit wiring and its fastener. 

(4) The anode plate should be carefully weighed 
after each test to determine its loss of weight. A complete 


chemical analysis should be conducted on the soil before and 
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after electrical treatment to determine the character of 
the base exchange activity occurring and the nature of the 
foreign material that is being introcuced into the samplc. 
It would also be helpful to have a chemical analysis con- 
ducted on the liquid on both sides of the sample in the 
electro-osmoncter after each test scrics is completed. 

(5) The mounting for the elliptical track, self 
return bushing should be modified so that the bearing could 
be removed without the necessity of removing the entire 
mounting. This modification would be espccially valuable 
when attempting to remove the air pockets from the assembled 
apparatus. 

(6) As indicated before the "0" ring gaskets for 
the end plate should be discarded anc a new gaskcts should 
be fabricated. The gasket should cover the entire arca of 
the collar and should be composec of a rather firm rubber 
about 1/4 inch thick. 

(7) The use of the rubber washers on the end plate 
bolts should be eliminated. Although they do eliminate 
damage to the lucite collars and end plates, they cause con- 
siderable binding in the bolt threads. Obviously, this 
causes great difficulty in the Cisassembly of the apparatus. 

(8) Until more is known about the fundamental 
effects of clectro-osmosis, it is believec that the applica- 
tion of electrical potential prior to loading should. bc 


eliminated, 
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(9) Although difficult to accomplish with a full 


classroom schedule, the duration of application of clec- 
trical potential for each load increment should be the sane 
in each series of tests. This is necessary for purposes 

of easy comparison of results. 

Ostensibly, there are a myriad of changes in pro- 
cedure used in this series of tests that could be made to 
determine the effects of electro-osmosis on the consoli- 
dation characteristics of a soil sample. These changes 
will, of course, depend on the particular phase of electro- 
osmosis bcing investigated and the good judgement of the 


investigator. 
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